A B S T R A C T The gallbladder and small intestine are reservoirs for the bile acid pool during its enterohepatic circulation and, as such, may regulate biliary secretion of bile acid. During studies of biliary bile acid secretion, a stimulus to gallbladder contraction is continuously infused into the duodenum. Under these conditions, it is assumed that the gallbladder is tonically contracted and that the rate of bile acid secretion into the duodenum equals the hepatic bile acid secretion rate. However, secretion rates vary by as much as 100%, depending upon which of two standard stimuli is used. Therefore, we studied the role of gallbladder emptying and small intestinal transit in determining biliary lipid secretion rate and composition during infusion of these stimuli in five healthy subjects. Each subject was studied with a liquid formula containing 40% of calories as fat, and with an amino acid solution for 10 h. Bile acid, phospholipid, cholesterol, and markers were measured in duodenal bile and hourly secretion rates were calculated by marker dilution technique. Real-time gallbladder sonographs and serum pancreatic polypeptide levels were obtained every 30 min. Small bowel transit time was estimated by the breath hydrogen response after giving lactulose intraduodenally.
percent cholesterol was lower. For the combined data from both infusions, the secretory relationships of cholesterol to bile acid, cholesterol to phospholipid, and phospholipid to bile acid were curvilinear.
We conclude that more complete gallbladder emptying and faster intestinal transit increase the enterohepatic cycling of bile acids and lower the molar percent cholesterol of bile. Some of the fluctuation observed in biliary lipid secretion rates, especially during amino acid infusion, is due to gallbladder refilling and emptying. INTRODUCTION In 1972, Grundy and Metzger (1) introduced the study of biliary lipid secretion in intact human subjects using a continuous intraduodenal infusion of a complex liquid formula, containing 40% of calories as fat. Others have used a mixed amino acid solution (2-4) or intermittent liquid meals (5) (6) (7) (8) (9) to stimulate biliary lipid secretion. It has been assumed that these stimuli tonically and completely contract the gallbladder, removing it from the enterohepatic circulation, and stimulate small intestinal motility, so that the rate of biliary lipid output into the duodenum would equal the rate of hepatic secretion. Reported biliary lipid secretion rates in similar population groups, however, vary by as much as 100%.
In healthy individuals, ileal bile acid absorption from the intestinal lumen (10) and hepatic bile acid extraction from portal blood are highly efficient (11) . Because bile acid pool size is constant in the steady state and no bile acid is stored in the liver, the rate of hepatic bile acid secretion is directly proportional to the frequency of enterohepatic cycling, which is largely determined by the rate of delivery of bile acid from the extrahepatic biliary tree to the terminal ileum. The delivery of bile acid to the terminal ileum, in turn, is determined by two mechanical pumps, the gallbladder and small intestine. Increased storage of bile acid in the gallbladder or slowed small intestinal transit would slow the delivery of bile acid to the terminal ileum and lower the bile acid secretion rate. Because bile contains relatively more cholesterol when bile acid secretion rate is low (6, (12) (13) (14) (15) , the lower rates of bile acid secretion during gallbladder storage and slowed intestinal transit would be expected to increase the cholesterol saturation of bile.
This study was designed to investigate the role of the gallbladder and small intestine in regulating the rate of biliary lipid secretion and biliary lipid composition.
METHODS
This study was approved by the Human Subjects Committee of the University of Colorado School of Medicine. All subjects gave written informed consent, were paid volunteers, and were hospitalized in the Clinical Research Center for study.
Five healthy, nonobese women, ages 21 to 28, were each studied twice. After they fasted overnight, a triple lumen polyvinyl tube was passed through the nose and positioned in the duodenum by fluoroscopy with genital shielding, so that the proximal infusion orifice was adjacent to the ampulla of Vater, 12 cm from the distal collecting orifice. The third lumen was filled with mercury from proximal to distal orifice and sealed at both ends to aid in fluoroscopic guidance.
After the tube was in position, either a mixed amino acid solution with 5 mg BSP/100 ml as marker or liquid formula with fl-sitosterol as marker was continuously infused through the proximal lumen. The amino acid solution contained 5% (wt/vol) glucose and 4.3% (wt/vol) of mixed amino acids (2) . Each liter of liquid formula contained 132 g of powdered skimmed milk, 810 ml of distilled water, 140 ml of polycose (Ross Laboratories, Columbus, OH), and 50 ml of corn oil. The mixture was sonicated with a sonifier cell disrupter (Branson Sonic Power, Plainview, NY) for 30 min just before infusion. The resultant uniform emulsion was agitated every 30 min throughout the study. The concentration of ft-sitosterol in the infusate was measured in aliquots taken every hour during the period of infusion and was constant. Liquid formula contains 40% of calories as fat. It has three times more carbohydrate, three times more calories, and is slightly more hypertonic than the amino acid solution (Table I) .
In earlier studies, 10-20% of subjects became nauseated and vomited during infusion of the amino acid solution (3). To ensure paired data, each subject was first studied with amino acid so that only those completing the amino acid infusion without incident were studied with liquid formula. Two (16) . At the 5th h of study 10 g of lactulose in 100 ml of water was given as a bolus through the distal orifice. Breath samples for measurement of hydrogen were collected before and every 15 min for 4 h after the lactulose was given.
Analytical techniques. Infusate and each 30-min sample were analyzed for bile acid, phospholipid, cholesterol, and marker. Bile acid concentration was measured spectrofluorometrically by the enzymatic method of Talalay (17), phospholipid, colorimetrically by the method of Bartlett (18) , and BSP, colorimetrically (19) . Cholesterol and #l-sitosterol were measured by gas-liquid chromatography by using coprostanol (5-p-cholesten-3-ol) as internal standard (20 Biliary lipid secretion. With both infusions, secretion rates were lower in the last 6 h than in the first 4 h due to the high secretion rates in the first 2 h after initiating gallbladder contraction. During both the first 4 and last 6 h of study, the mean hourly secretion rates of bile acid, phospholipid, and cholesterol showed considerable variability but were greater during the liquid formula than during the amino acid infusion (Table II) .
The rates of bile acid and phospholipid secretion were increased more than that of cholesterol during liquid formula infusion, resulting in a lower molar percent cholesterol than during the amino acid infusion in four of five subjects during the first 4 h (P < 0.15) and in all subjects during the last 6 h (P < 0.05) (Fig. 1) . The increments in cholesterol secretion coincident with increments in either bile acid or phospholipid secretion were far smaller during liquid formula infusion ( Fig. 2A-C BA, total bile acid; PL, phospholipid; CH, cholesterol; AA, amino acid infusion; LF, liquid formula infusion. Secretion rates measured during the first 4 h of infusion of stimulus. Secretion rates measured during the last 6 h of the infusion of stimulus. The higher secretion rates during the first 4 h of stimulus infusion are due to the high secretion rates that occur in the first 2 h after initiation of gallbladder contraction. (both amino acid and liquid formula) for cholesterol vs. bile acid, cholesterol vs. phospholipid, or phospholipid vs. bile acid was the equation for a rectangular hyperbola, y = x/(b + ax) (Table III) . However, as bile acid secretion rate increases there is considerable divergence of cholesterol and phospholipid secretion, CH Secmax = 298 and PL Secmax = 5555 (Table III) . As bile acid secretion increased there was little change in the ratio of phospholipid to bile acid but the ratio of cholesterol to bile acid decreased considerably.
Gallbladder emptying. In each subject gallbladder emptying was more complete with liquid formula infusion during both the first 4 (P < 0.05) and last 6 h (P < 0.02) (Fig. 3) . Gallbladder volumes during amino acid infusion fluctuated considerably, and there were periods of apparent refilling. On the other hand, during liquid formula infusion gallbladder emptying was prompt and more complete, and showed little fluctuation (Fig. 4) . Secmax is the maximum secretion rate (micromolars/hour) of yaxis lipid as the secretion rate of the x-axis lipid approaches infinity. Secmax equals 1 + a in the equation, y = x/(b + ax). In all studies, including both amino acid and liquid formula infusions, there were 23 periods, excluding initial gallbladder emptying, in which gallbladder emptying was >5 ml. During 22 of these periods there was a concomitant increase in bile acid output.
Small bowel transit time. In four of five subjects, small bowel transit was slower during amino acid infusion (Table IV) . Since subject 4 produced hydrogen in response to lactulose during liquid formula infusion, the lack of increase in breath hydrogen during the .II aA stomach, the subject may have been colonized with colonic bacteria incapable of making hydrogen, or this may represent day to day variation. The first seems unlikely as bile was continuously aspirated during the study and there was no drop in secretion rate in the 4 h after lactulose was given. The second is also unlikely as a dramatic change in colonic flora would have had to occur within 1 wk without the administration of drugs or antibiotics. The third is extremely unlikely as the day-to-day variation in transit time measured by this technique has been defined and is minimal, especially with intraduodenal infusion of lactulose (23) . Subject 1, who had the biggest difference in gallbladder emptying with the two infusions, had no change in transit time. Interestingly, she had a smaller increase in bile acid secretion compared with the remaining subjects. Human serum pancreatic polypeptide. In four of five subjects, levels of pancreatic polypeptide were two-to threefold higher during both the first 4 and last 6 h with liquid formula infusion (Table V) . Subject 5 had no change in pancreatic polypeptide levels from base line with either infusion. Nonetheless, this subject had findings which were similar to the rest of the group: increased gallbladder emptying, faster intestinal transit, and increased bile acid secretion in response to liquid formula. In the other subjects, the pattern of the pancreatic polypeptide response was that of a sustained elevation from base line with minimal fluctuation.
DISCUSSION
When bile acid pool size is constant, the rate of biliary bile acid secretion is dependent on the enterohepatic cycling frequency of bile acid. Cycling frequency, in turn, is dependent on two mechanical pumps, the gallbladder and small intestine. Thus, differences in gallbladder storage and small intestinal transit of bile acid would be expected to alter biliary bile acid secretion rate. Biliary bile acid secretion rate is lower when stimulated by intermittent feeding (5-9) than by continuous intraduodenal infusion (1, 5, (23) (24) (25) (26) (27) (28) (29) (30) of a standard liquid formula (Table VI) . In addition, bile acid secretion rate during intermittent liquid formula infusion is similar to that of postcholecystectomy subjects * (2, (31) (32) (33) . Bile acid secretion rate during continuous intraduodenal amino acid infusion (2, 3) is less than that measured during continuous intraduodenal liquid formula infusion (1, 5, (23) (24) (25) (26) (27) (28) (29) (30) and similar to that measured during intermittent liquid formula feedings (5-9) and in postcholecystectomy subjects (2, 31) (Table  VI) . When similar groups of subject are compared (references 24 (12) (13) (14) . In subjects with gallbladders, fasting sequesters part of the bile acid pool in the gallbladder, induces a lower bile acid secretion rate (6, 8, 15) and increases cholesterol saturation of bile (6, 15) .
When similar groups of subjects from different studies are compared, the molar percent cholesterol during continuous liquid formula infusion (2.9±0.9% [24] , 3.4±0.4% [25] ) is less than that during continuous amino acid infusion (4.3±0.5% [3] ). In the present study we have shown a similar difference between the two infusates in the same individual. We conclude that the decreased molar percent cholesterol during liquid formula infusion is the result of a higher rate of bile acid secretion due to more complete gallbladder emptying and more rapid small intestinal transit.
Since the molar percent cholesterol of bile varies with bile acid secretion rate, the relationship of cholesterol secretion to bile acid secretion must necessarily be curvilinear over the full range of bile acid secretion rates. However, if only a portion of the range of bile acid secretion rates is examined, the relationship of cholesterol to bile acid secretion may appear to be linear. In our study, when data from both the amino acid and liquid formula infusions were combined, the relationship of cholesterol secretion to either bile acid or phospholipid secretion was curvilinear (Table II) . On the other hand, when data from each infusion are analyzed separately (Fig. 3) , these relationships are linear, as only a fraction of the range of bile acid (or phospholipid) secretion rates is evaluated. This may explain why some authors have found the secretory relationships of cholesterol to phospholipid or bile acid to be linear (3, 7, 9, 23, 28, 34, 35) , whereas others found them to be curvilinear (12, 13) .
Gallbladder volume fluctuated during most studies and the gallbladder never emptied completely during any infusion, but large (10-20 ml) fluctuations were common only during amino acid infusion. Pulses of gallbladder bile periodically join the stream of hepatic bile entering the duodenum and are responsible for some of the apparent fluctuation in the secretion of biliary lipids in secretion studies. When this occurs the measured secretion rate is not the actual hepatic secretion rate.
Small intestinal transit is also an important determinant of bile acid cycling frequency (35) , and thus the rate of biliary lipid secretion (29, 36) . Faster small intestinal transit increases bile acid cycling frequency and the rate of biliary lipid secretion. In the present study faster intestinal transit occurred during liquid formula infusion and was associated with higher rates of biliary lipid secretion.
The more complete gallbladder emptying and more rapid intestinal transit during liquid formula infusion are probably related to greater stimulation and release of humoral mediators of gallbladder contraction and intestinal peristalsis. Pancreatic polypeptide release from the pancreas parallels that of cholecystokinin and motilin (37, 38) , two hormones thought to be responsible for gallbladder emptying and small intestinal peristalsis. Reliable assays for the latter hormones were not available to us, but the two-to threefold greater rise in serum pancreatic polypeptide in four of five subjects during liquid formula infusion indicates greater humoral stimulation.
In summary, we have shown that biliary lipid secretion rates are dependent on stimulation of gallbladder emptying and small intestinal transit. Reported differences in mean secretion rates between groups of subjects from different studies or between different groups of subjects within the same study may be due to differences in stimulation of gallbladder emptying and intestinal transit. Monitoring gallbladder emptying and intestinal transit during biliary lipid secretion studies is important for the interpretation of results. In addition, in healthy individuals gallbladder emptying and small intestinal transit affect biliary lipid composition.
